Mirea and Berceanu have equally contributed to the design and writing of the manuscript. Objectives: We evaluated intra-observer, test-retest, and inter-observer reproducibility of right ventricular (RV) longitudinal strain (LS) measurements derived from two-dimensional speckle tracking echocardiography.
| INTRODUC TI ON
Two-dimensional speckle tracking echocardiography (2DSTE) has proven to be a valuable technique for the assessment of myocardial global and segmental function. The method enables the tracking of specific myocardial features called speckles on B-mode images allowing the measurement of strain, strain rate, tissue velocities, and displacement in all spatial directions.
The spectrum of clinical applications is wide and left ventricular (LV) global longitudinal strain (GLS) has demonstrated to be a reproducible and reliable measurement of LV function demonstrating both prognostic and diagnostic value. [1] [2] [3] [4] [5] A powerful addition of 2DSTE is the ability to quantify right ventricular global and regional function considering that in clinical routine RV function assessment is often qualitative. The measurement of RV longitudinal strain has demonstrated to increase the diagnostic accuracy of various pathologies, such as arrhythmogenic RV dysplasia, 6 pulmonary hypertension, 7-9 pulmonary embolism, 10, 11 and to stratify the prognosis in patients with heart transplantation, acute coronary syndromes, and heart failure. [12] [13] [14] [15] [16] Moreover, RV longitudinal deformation analysis has demonstrated to be a valuable measurement of RV function in performance athletes. [17] [18] [19] The undisputable advantages of RV function quantification with 2DSTE have been already acknowledged and a recent consensus paper has provided recommendations for RV longitudinal strain measurement in an attempt to standardize and increase the applicability of this technique.
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A remaining question is whether RV longitudinal strain measurements are reliable for clinical application as data regarding the reproducibility are scarce. Therefore, the purpose of this study was to investigate the potential intra-observer, test-retest, and interobserver variability of 2DSTE RV global and segmental longitudinal strain measurements in clinical routine and to test whether measurements of RV free wall (3 segments model) are more reproducible compared to the inclusion of both free wall and interventricular segments (6 segments model).
| ME THODS

| Study population
We prospectively selected 200 subjects which underwent echocardiographic examination in our Cardiology Department between January 2017 and January 2018 (patients committed in our department as well as subjects participating in other research studies). The selection criteria were acceptable image quality (average to good) that allowed the performance of speckle tracking measurements, the presence of cardiac sinus rhythm, and the ability to provide an informed consent. The exclusion criteria were poor visualization of the right ventricle, atrial fibrillation, or presence of multiple premature ventricular beats. Improper image quality for tracking was considered if more than one segment of the RV free wall could not be visualized.
The study was approved by the ethical committee of our institution.
| Image acquisition
All echocardiographic images were acquired by a single experienced examiner (OM) using commercially available ultrasound equipment (Vivid S6, with a 3.5 MHz transducer, GE Vingmed Ultrasound).
Subjects were examined at rest, positioned in the left lateral decubitus.
According to recent recommendations 20 images of the right ventricle were obtained from the modified four-chamber view, focused on the right ventricle, during breath hold at a minimum frame rate of 60 fps. Width, angle, and gain were adjusted to provide optimal visualization of the right ventricle. For test-retest analysis, in 150 subjects, a second set of RV images was recorded at the end of the examination (OM), ensuring a minimum of 5 minutes between acquisitions. Tricuspid annular plane systolic excursion (TAPSE) and fractional area change in the RV (RV-FAC) were measured to estimate RV function by standard echocardiography.
To assess the impact of image quality (IQ) on measurement reproducibility, the B-Mode images were visually graded as good (1, optimal visualization of speckles in all segments throughout the entire cardiac cycle) or average (2, presence of small reverberations or small areas of lower speckle resolution).
| Speckle tracking measurements
The digital cine loops were stored in DICOM format and analyzed offline using EchoPac version BT13 (GE Vingmed Ultrasound) dedicated software. End of diastole was defined as the peak of the Rwave from the QRS ECG tracing, whereas end systole was defined as pulmonary valve closure from the RV outflow tract pulse wave Measurements used to evaluate intra-observer and test-retest reproducibility were performed by a single experienced observer (OM, >2000 analysis performed). To assess intra-observer reproducibility, the operator repeated the analysis on the same set of images after an interval of minimum 3 months and blinded to the results from the initial analysis. For test-retest reproducibility F I G U R E 1 Right ventricular strain measurements obtained from the modified four-chamber view. RVGLS-4C (Panel A) was automatically computed by the algorithm and included the strain values of both the interventricular septum (basal, red curve; mid-wall, dark blue curve; and apex, purple curve) and RV free wall strain (basal, yellow curve; mid-wall, light blue curve; and apex, green curve). RVFW-4C (Panel B) was calculated from the same tracking set as RVGLS-4C, by averaging the segmental maximum peak LS of the RV free wall basal segment (yellow curve), mid-wall segment (light blue curve), and apical segment (green curve). RV-SWT (Panel C) was calculated by using the single wall tracking tool. The maximum LS value showed by the dotted white line was considered as the reference value (arrow). FW = free wall; GLS = global longitudinal strain; LS = longitudinal strain; RV = right ventricle; SWT = single wall tracking analysis, the operator analyzed in 150 subjects a second set of RV images, different from the ones used during the first analysis.
To assess inter-observer reproducibility, measurements were repeated by a second observer, with an average experience (MB, an average of 100 analyses prior to the current analysis).
| Statistical analysis
Continuous variables are presented as mean ± SD. Intra-observer, test-retest, and inter-observer variability was assessed by analyzing intra-class correlation (ICC) (two-way mixed model, absolute consistency between single measurements). An ICC value of ≥0.80 was considered excellent agreement while an ICC value <0.6 was considered poor agreement. Additionally, the agreement between different methods was also assessed with the method of Bland and
Altman.
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The absolute mean difference between repeated measurements was calculated as the absolute difference between two sets of measurements. For comparison of the mean differences in the segmental LS measurements, one-way analysis of variance (ANOVA, Tukey post hoc test: P < 0.5) was used. All analyses were performed using SPSS statistical software (SPSS version 23, Inc, Chicago, IL, USA).
A probability value of <0.05 was considered statistically significant.
| RE SULTS
We reached our target sample size by scanning 221 subjects. In 21 (9.5%) subjects, image quality was considered not suitable for RV speckle tracking analysis, therefore, they were excluded from further analysis. We included subjects with ischemic heart disease (defined as presence of regional left ventricular hypo/akinesia at rest echocardiography), valvular heart disease, as well as subjects with no abnormalities identified at rest echocardiography. Reduced TAPSE (<16 mm) was identified in 23 subjects (11.5%), while RV-FAC < 35% was found in 18 subjects (9%). General characteristics of the population are listed in Table 1 .
Measurement of RVGLS-4C and RVFW-4C could be obtained in all subjects. Measurements of RVFW using single wall tracking method showed, however, lower feasibility (82.5%).
For the first observer, RVGLS-4C average value was −21.2 ± 4.0 (range: −6.0% to −32.6), while RVFW-4C and RVFW-SWT demonstrated higher values, mean −26.2 ± 5.0 (range: −9.1% to −37.9) and −25.5 ± 4.9 (range: −9.2% to −41.6), respectively (P < 0.01).
Average LS for basal, mid-wall, and apical segments was −23.7 ± 5.5, −26.9 ± 5.1, and −27.9 ± 6.9, respectively. Table 2 shows the average global and segmental strain values obtained by both observers.
| Intra-observer reproducibility
Intra-observer absolute difference between measurements of RVGLS-4C and RVFW-4C was 1.4 ± 1.2% and 2.4 ± 2.4%, respectively (P < 0.001) (Figure 2 ). RVFW-SWT showed an intraobserver absolute difference of 1.5 ± 1.4%, significantly higher compared to RVFW-4C (P < 0.001). Mid-wall segments demonstrated the lowest intra-observer absolute difference (2.3 ± 2.0%) compared to basal segments (3.1 ± 2.9%) and apical segments (3.8 ± 3.9%) (P < 0.01, ANOVA) (Figure 3 ).
Inter-class correlation coefficients and confidence intervals for segmental strain values are summarized in Table 3 
| Test-retest reproducibility
Test-retest absolute difference of RVGLS-4C was 1.8 ± 1.5% while for RVFW-4C and RVFW-SWT was 2.2 ± 1.9% and 2.6 ± 2.3%, TA B L E 1 Characteristics of the studied population respectively (P < 0.001). Absolute difference of right ventricular LS segmental measurements was 3.7 ± 2.8% (basal segments), 2.6 ± 2.4% (mid-wall segments), and 3.4 ± 2.8% (apical segments).
Similarly, as for the intra-observer analysis, mid-wall segments demonstrated the lowest absolute difference (P < 0.01) compared to basal and apical segments.
RVGLS-4C measurements showed the best test-retest consistency (ICC = 0.85). The ICC coefficients are listed in Table 3 .
| Inter-observer reproducibility
Inter-observer absolute difference of RVGLS-4C was calculated 1.7 ± 1.9% and significantly higher for RVFW-4C measurements, 2.6 ± 3.0%, and RVFW-SWT, 2.1 ± 1.9% (P < 0.01). The absolute difference for basal segmental LS was 3.5 ± 3.2%. Apical segments showed higher absolute difference (P < 0.01) compared to basal LS measurements and mid-wall LS measurements (2.8 ± 2.2%) (Figure 2 ). The ICC coefficients for segmental strain measurements ranged from 0.61 to 0.79.
| Impact of image quality
Of the total 200 datasets, 160 images were coded with 1 (good IQ) and 40 images with 2 (average IQ). Measurements performed on images with good quality showed overall a slightly higher intraobserver reproducibility ( Figure 5 ). However, a statistical significance was reached only for RVGLS-4C measurements. (P < 0.05).
| D ISCUSS I ON
The main findings of this study are (a) the reproducibility varied be- ity compared to those performed in other myocardial segments 22, 23 and, when included in the analysis, may contribute to the reduction F I G U R E 2 Intra-observer (orange column), test-retest (red column), and inter-observer (blue column) average absolute difference and standard deviation of right ventricular global and free wall longitudinal strain measurements. Absolute difference was measured as the difference between repeated measurement. *P < 0.01 vs intra-observer mean absolute difference. FW = free wall; GLS = global longitudinal strain; LS = longitudinal strain; RV = right ventricle; SWT = single wall tracking F I G U R E 3 Intra-observer (orange column), test-retest (red column), and inter-observer (blue column) average absolute difference and standard deviation of right ventricular segmental LS (longitudinal strain) measurements. Absolute difference was measured as the difference between repeated measurement. *P < 0.01 vs intra-observer mean absolute difference, **P < 0.01 vs test-retest mean absolute difference. Bars represent standard deviation in the variability. Nonetheless, as it was clearly stated in the task force recommendations, the inclusion/exclusion of interventricular segmental strain values leads to significant differences. Therefore, possibly for longitudinal studies the measurement of RVGLS-4C
could be more appropriate.
The lowest variability of RVGLS-4C, RVFW-4C, and RVFW-SWT parameters was obtained when measurements were repeated using the same B-mode dataset and by the same observer. Testretest as well as inter-observer difference in measurements was slightly higher (Figure 2 ). This is, however, expected considering the Last, less optimal image quality increased significantly the intraobserver variability of RV4CLS. Although an increase in variability of the other studied parameters could be noted, the changes were not statistically significant.
| Study limitations
A minimum of criteria for the subject's inclusion in the study was chosen considering that the primary objective of the study was to evaluate right ventricular strain measurement reproducibility and not to provide data regarding the RV function in the studied population. Therefore, the characteristics of the studied population are purely descriptive.
Second, the study aimed at including only subjects with acceptable-to-good acoustic image quality. Nonetheless, we consider that including subjects irrespective of image quality would increase the variability of measurements.
As it was previously demonstrated, 23, 24 left ventricular longitudinal strain measurements present significant vendor-specific differences. Therefore, we may only assume that inter-vendor differences in right ventricular strain parameters are also present.
Another important limitation was the analysis of only segmental peak maximum strain. The previous analysis of LV segmental LS variability did not show a superior reproducibility of peak systolic strain over maximum peak strain. 23 Moreover, as peak systolic strain as well as end-systolic strain depend on the accurate definition of time events we considered more appropriate to evaluate the variability of maximum peak strain. Nonetheless, whether the reproducibility of different segmental strain measurements differs remains a question that needs to be addressed by future research.
| CON CLUS IONS
This study demonstrates that two-dimensional speckle tracking- Prognostic value of global longitudinal strain in heart failure patients treated with cardiac resynchronization therapy. Heart Rhythm. 2018;15(10):1533-1539.
F I G U R E 5
Impact of image quality (IQ) on right ventricular global and segmental longitudinal strain. IQ1, good image quality; IQ2, average image quality. LS, longitudinal strain; bars represent standard deviation; Lower image quality increased slightly, but significantly the variability of RV4CLS measurements *P < 0.05
